observed sensory differences between women and men. Such modulation has important implications for understanding the underlying neural mechanisms of laryngeal control and how these mechanisms may operate in individuals with laryngeal disturbances.
Introduction
Rapidly adapting mechanoreceptors within the laryngeal mucosa are innervated by the tenth cranial nerve with axons that project through the nodose ganglion and terminate within the solitary tract nucleus, spinal trigeminal nucleus, and reticular formation in the lateral medulla (Jurgens 2002; Jurgens and Kirzinger 1985; Simonyan and Jurgens 2005a, b) . Most fibers that synapse within the solitary tract nucleus terminate in the parabrachial nuclei within the dorsolateral pons and send projections to the posteromedial nuclei within the ventral thalamus before sending somatotopic projections to the primary somatosensory cortex. Laryngeal mechanoreceptors provide perceptual and proprioceptive afference for a variety of essential human functions including airway protection, breathing, deglutition, speech, and voice. These stretch, touch, and pressure-sensitive mechanoreceptors within the laryngeal mucosa appear to be exquisitely arranged for the rapid transmission of a constellation of movement-related afferent information (Andreatta et al. 2002; Jurgens 2002; Jurgens and Kirzinger 1985; Kirchner and Wyke 1965; Loucks et al. 2005; Malannino 1974; Matsuo and Shin 1994; Sampson and Eyzaguirre 1964; Sapir et al. 2000; Shiba et al. 1997 Shiba et al. , 1999 . Movement-related afference may include those events intrinsic to the larynx, Abstract Rapidly adapting mechanoreceptors within the laryngeal mucosa provide the central nervous system with perceptual and proprioceptive afference for a variety of essential yet diverse human functions including voice sound production and airway protection. It is unknown why mechanosensory information that yields a defensive response when an individual breathes may go largely unnoticed when the individual voices. Therefore, a central question is whether there is voice-related modulation of laryngeal mechanosensory detection. Such modulation would be consistent with current models of afferent laryngeal control, and may be important to maintain fluent voice in the presence of potentially distracting sensory input. Therefore, we employed endoscopic assessment of laryngeal mechanosensory detection thresholds in ten healthy adults during tidal breathing and a voice task. We tested the hypothesis that laryngeal mechanosensory detection thresholds would be higher during the voice task. We found that thresholds were significantly higher for all participants during the voice task and that these changes were significantly more modest in women. Our findings suggest that the laryngeal sensorium may modulate mechanosensory afference to attenuate the potentially distracting influence of sensory input during voice. The finding that women maintain a greater sensitivity during the voice task than men (lower thresholds) may have important implications for the higher prevalence of sensorimotor voice disturbances in women. Our results are consistent with the presence of mechanosensory modulation in other motor systems and with such as position and movement trajectory of the arytenoid cartilages and vocal folds, or those extrinsic to the larynx including the strains, pressures, and movement patterns generated by mechanical and aerodynamic changes of the lower and upper airways (Kogo et al. 2003) . Afferent transmission regarding such events would prove particularly useful for laryngeal motor control.
Evidence suggests a relatively strong association of perception, movement-generated afference, and the patterns of tissue deformation related to movement (Edin 1992 (Edin , 2004 Edin and Johansson 1995) . For example, imposing tissue strains similar to those that occur during natural movement may result in the perception of movement in the absence of actual movement. The patterns of afferent neural discharge and accompanying perception during movement are strikingly similar to those that occur during simulated tissue deformation. Although this phenomenon remains to be fully explored in the human larynx, it is reasonable to suggest that perception provides an important reflection of movement-related afference within the central nervous system. Specific to the larynx, single-fiber recordings from laryngeal mechanoreceptor afferents demonstrate that mechanoreceptors are responsive to vocal fold vibration, are associated with the magnitude and direction of respiratory air flow, and influence changes in glottal aperture (Andreatta et al. 2002; Jurgens 2002; Jurgens and Kirzinger 1985; Kirchner and Wyke 1965; Loucks et al. 2005; Malannino 1974; Matsuo and Shin 1994; Sampson and Eyzaguirre 1964; Sapir et al. 2000; Shiba et al. 1997 Shiba et al. , 1999 . Thus, the patterned distribution of tissue strains across the surface of the face, hand, or larynx may serve to inform the central nervous system of the approximate position, velocity, and higher derivatives of movements. Such afferent input may be useful to plan sequential movement patterns and to make rapid online corrections in response to unexpected perturbations Cordo et al. 1994) . These types of responses may be particularly relevant for laryngeal airway protection and voice control.
Human voice is typically produced by increases in tracheal air pressure and resultant egressive air flow (Titze 1994) . Voice-related changes in translaryngeal air pressure gradients and air flow may stimulate laryngeal mechanoreceptors (Andreatta et al. 2002; Kogo et al. 2003; Matsuo and Shin 1994; Sampson and Eyzaguirre 1964) . In addition, as the arytenoid cartilages adduct to draw the vocal folds together for voice sound production, changes in the laryngeal aperture result in mechanical stress and strain to the laryngeal mucosa and may further stimulate these mechanoreceptors. When an individual breathes, stimulation of mechanoreceptors may yield the perception of potential airway invasion and may result in rapid closure of the larynx and subsequent ballistic exhalation to defend against potential airway invasion (Sant'Ambrogio and Mathew 1986). Thus, mechanoreceptors provide the central nervous system with rich afference to precisely guide the larynx for voice sound production and airway protection. However, it is interesting that mechanosensory information that yields a defensive response when an individual breathes may go largely unnoticed when the individual voices. Therefore, a central question is whether there is voice-related modulation of laryngeal mechanosensory detection. For many human sensorimotor systems, the central nervous system demonstrates an ability to alter its afferent processing in a task-dependent manner (Andreatta and Barlow 2003; Schmidt et al. 1990; Post et al. 1994; Feine et al. 1990 ). For example, the central nervous system may filter or gate expected movement-generated afferent inputs. Given the variety of centrally patterned behaviors accomplished with the larynx (Davis et al. 1996; Titze et al. 2008; Larson et al. 1994; Chiao et al. 1994; Larson 1991) , and the rich afference accompanying such behaviors, the ability of the laryngeal sensorium to gate afferent inputs would be advantageous. Such modulation or gating would be critical to maintain an uninterrupted voice pattern in the presence of potentially distracting sensory input.
Recent experimental evidence and computational modeling suggest an important role for efference copy in voicerelated laryngeal control Larson et al. 2008) . Although much of this work has focused on voice auditory feedback, there is growing evidence that motordriven predictions are used to detect and correct for errors in self-generated movements (Liu et al. 2011; Behroozmand and Larson 2011) . Such errors may be reflected as a deviation from the expected or predicted sensory input. Relatively small deviations in sensory input may be recognized as self-generated by the central nervous system but may remain undetected by the speaker. However, relatively large deviations in sensory input may be recognized as other-generated stimuli and be more easily detected by the speaker. Thus, modulation of mechanosensory detection thresholds may reflect the presence of sensory gating and efference copy within the cortical and subcortical regions subserving vocalization (Parkinson et al. 2012; Behroozmand et al. 2009 ).
Potential differences between women and men are also of interest for a number of important reasons. Evidence suggests that women demonstrate increased sensitivity to pain, touch, temperature, dyspnea, and citric acid-induced cough, and also exhibit differences in functional connectivity and cortical/subcortical sensory representation (Dicpinigaitis and Rauf 1998; Ide and Aboitiz 2001; Fillingim and Ness 2000; Gui et al. 2010; Harju 2002; Kelsall et al. 2009; Linnman et al. 2012; Matos et al. 2011; Bajaj et al. 2001; Chesterton et al. 2003; Dicpinigaitis et al. 2001;  1 3 Nishino 2011) . Women demonstrate less sensory gating in response to auditory stimuli and less modulation of pain detection thresholds during dyspnea (Hetrick et al. 1996; Nishino et al. 2008; Patterson et al. 2008; Tomasi et al. 2008) . Specific to vocalization, a recent study revealed that women produce significantly smaller and more rapid voice responses to pitch-shifted auditory feedback (Chen et al. 2010 ). This finding may suggest that women rely more heavily on mechanosensory than auditory afference for voice control (Larson et al. 2008 ) and therefore may maintain more sensitivity to mechanosensory stimuli during vocalization. Finally, the reported prevalence of voice disturbances is higher in women including those disturbances related to occupational voice use and laryngeal dystonia (Hunter et al. 2011; Smith et al. 1998; Titze 1989; Roy et al. 2005) . Therefore, women may be more aware of and sensitive to mechanosensory stimuli during vocalization and the sensory phenomena associated with potential voice disturbances. However, differences in laryngeal mechanosensation between women and men have yet to be explored.
Previous investigations developed reliable endoscopic methods to determine laryngeal mechanosensory detection thresholds during restful breathing (Hammer 2009 ). These methods have been useful to examine the important association between sensory detection with speech, swallow, and voice motor control (Hammer and Barlow 2010; Hammer et al. 2013 ). Previous studies demonstrated taskrelated modulation of mechanosensory and tactile detection (Andreatta and Barlow 2003; Schmidt et al. 1990; Post et al. 1994; Feine et al. 1990 ). However, whether laryngeal mechanosensory detection is modulated with voice is unknown. Therefore, the purpose of this study was to measure and compare laryngeal mechanosensory detection thresholds during a baseline condition of tidal breathing and an experimental voice condition. We hypothesized that thresholds would be significantly higher during the voice condition and that women may exhibit less voice-related modulation than men.
Methods

Participants
Data were collected from 10 healthy participants (5 women, 5 men) between 18 and 23 years old. The institutional ethics committee for the safety of human subjects approved this protocol, and written informed consent was obtained from each participant. Participants were non-smokers and were in good general health, with normal breathing, speech, swallow, voice, and no history of neurological or psychiatric disease.
Laryngeal mechanosensory assessment
We employed an endoscopic stimulus delivery paradigm to present a pressure-calibrated burst of air to the laryngeal mucosa to determine the threshold pressure at which each participant could detect the stimulus (Fig. 1) . We previously described the device design and experimental approach (Hammer 2009; Hammer and Barlow 2010; Hammer et al. 2013) , and will briefly review the procedures below. Each participant sat comfortably in an exam chair, and a transnasal laryngoscope (Pentax FNL-13RAP) was placed into the most patent naris. A topical decongestant was administered prior to scope placement, and the exam was completed without anesthesia. The fiberoptic light cable of the laryngoscope was coupled to a constant halogen light source (Pentax LH-150PC) to illuminate the laryngeal structures. The eyepiece of the endoscope was coupled to a 3-chip camera (Toshiba IK-C40A) connected to an integrated video monitor (Sony GVD-1000). The air burst port of the laryngoscope was coupled to a three-foot-long rigid polyethylene tube. The opposite end of the tube was coupled to the output port of the sensory stimulus delivery device. The device design included a sound-attenuating enclosure to prevent potential acoustic cues of the device from imposing a bias on participant responses.
Because the mucosa covering the arytenoid-corniculate cartilages contains the highest density of rapidly adapting mechanoreceptors (Andreatta et al. 2002; Yoshida et al. 2000) , visual guidance was used from the display monitor to direct the calibrated stimulus through the distal end of the laryngoscope toward the superior surface of the mucosa Fig. 1 Stimulus delivery paradigm. The stimulus is directed to the laryngeal mucosa through the laryngoscope as visualized on the monitor. A +5 V signal from a handheld switch indicates when the participant feels the laryngeal somatosensory stimulus. A microphone connected to a sound level meter is used during the voice trials surrounding the arytenoid-corniculate cartilage in the posterior region of the larynx. Great care was taken in an attempt to maintain a constant distance of 2 mm between the laryngoscope and the laryngeal mucosa by ensuring that at least 50 % of the monitoring screen was occupied by the arytenoid unit during stimulus presentation. This approach was previously verified using excised human adult cadaveric larynges and bench tests that revealed little to no variation in output delivered to targets within 2-5 mm from the scope tip (Hammer 2009 ). Once the target position was reached, an index finger was positioned on the scope tube at the nasal inlet in an attempt to maintain a constant distance from scope tip to arytenoid mucosa of 2 mm during each stimulus presentation. Within this distance, individual blood vessels within the vocal fold became very easy to visualize. Adjustments were made between stimulus presentations as needed.
During tidal breathing, stimulus presentation was triggered by the initiation of the expiratory phase of respiration as transduced using inductance plethysmography (Respiratory Monitoring, Inc.). During the onset of expiration, a transistor-transistor logic signal triggered a control pulse resulting in event-related triggering of a 135-ms air burst stimulus. Based on results from an earlier study (Hammer 2009 ), the more salient 135-ms stimulus was selected to reduce the potential influence of temporal summation on sensory threshold estimates. During the voice task, stimulus presentation was similarly triggered after an initial 1.5 s of sustained voice. Each participant was instructed to voice on the vowel "ee" as in the word "bee" for 6 s at a constant and comfortable pitch and loudness. To ensure that the participant maintained the same constant pitch and loudness, a pitch pipe and a sound level meter were employed to provide real-time feedback to the participant. The microphone of the sound level meter was maintained at a constant distance of 5 cm from the participant's mouth.
The primary signals of interest for assessing mechanosensory function were the pressure (mmHg) of the air burst stimulus applied to the laryngeal mucosa overlying the superior surface of the arytenoid cartilage and the participant's response to the stimulus pulse. Each participant was presented with an initial suprathreshold stimulus to orient to the response task and was instructed to press a custom-designed handheld switch as soon as they detected the stimulus. All participants found the hand-switch easy to use. Pressing the switch resulted in a +5 V signal displayed on an oscilloscope (Tektronix TDS 2004) . A "positive response" was defined as a +5 V response by the participant occurring within a 2.5-s window beginning at the midpoint of the control signal. The time interval between stimulus presentations was randomized, with a minimum of 10 s between stimuli. The stimulus level of the air burst source was decreased by 1.00 mm Hg until the participant could no longer feel the stimulus. At this point, the stimulus level was increased by 0.50 mm Hg until the participant yielded a "positive response." Then, the stimulus was decreased by 0.10 mmHg. This process continued until the participant reached the threshold level. The laryngeal mechanosensory detection threshold was defined as the level of stimulus pressure at which the participant responded 50 % of the time following six crossings of the same stimulus level.
Statistical analyses
We utilized a mixed model ANOVA to examine differences in mechanosensory detection between baseline tidal breathing and voice conditions and to test for differences between women and men. We hypothesized that thresholds would be significantly higher during the voice condition. We also hypothesized that women may exhibit less voice-related modulation than men.
Results
Laryngeal mechanosensory detection thresholds for each of the 10 participants are displayed in Fig. 2 . Summary statistics are displayed in Table 1 and Fig. 3 . We observed significant main effects for task [F (1,19) . Sensory thresholds were elevated for each participant during the voice task by an average of 3.44 mmHg, representing more than a threefold increase (p = 0.005). Men exhibited a greater fivefold increase in threshold during the voice task; women exhibited a more modest 1.39-fold increase (p = 0.003).
Discussion
The influence of an active voice task on mechanosensory detection was previously unknown. We employed endoscopic assessment of laryngeal mechanosensory detection thresholds in healthy adults during baseline tidal breathing and during a voice task. With tidal breathing, participants exhibited an expected range of detection thresholds compared with healthy controls in previous work (Hammer 2009; Hammer and Barlow 2010; Hammer et al. 2013 ). However, with the voice task, detection thresholds were significantly higher. This primary finding suggests that the healthy human larynx exhibits voice-related elevation of mechanosensory detection thresholds. Such modulation has important implications for laryngeal control.
Our findings are consistent with the central nervous system's ability to alter its afferent processing in a task-dependent manner (Andreatta and Barlow 2003; Schmidt et al. 1990; Post et al. 1994; Feine et al. 1990 ) by filtering or gating expected movement-generated afferent inputs. Given the rich afference that accompanies the variety of centrally patterned laryngeal behaviors (Davis et al. 1996; Titze et al. 2008; Larson et al. 1994; Chiao et al. 1994; Larson 1991) , the ability of the laryngeal sensorium to gate afferent inputs would be advantageous. One compelling observation is that mechanosensory information that yields a defensive response when an individual breathes may go largely unnoticed when the individual voices. Therefore, such modulation or gating may be important to maintain a fluent voice pattern in the presence of potentially distracting sensory input.
The observed modulation of mechanosensory detection thresholds in the present study is consistent with the role of efference copy in voice-related laryngeal control Larson et al. 2008) and with the growing evidence that motor-driven predictions are used to detect and correct for errors in self-generated movements (Liu et al. 2011; Behroozmand and Larson 2011) . In the present study, relatively small mechanosensory inputs were easily detected during the tidal breathing task. During the voice task, however, the finding that these small inputs were undetected reveals that small deviations in sensory input may be interpreted by the central nervous system as self-generated and thus remain undetected by the speaker. In contrast, the relatively large deviations in sensory input may be interpreted as other-generated stimuli and more easily detected by the speaker. Therefore, the modulation of mechanosensory detection thresholds observed in the present study may reflect the presence of sensory gating and efference copy within the cortical and subcortical regions subserving vocalization including corollary discharge mediated to regions including the superior temporal gyrus (Parkinson et al. 2012; Behroozmand et al. 2009 ). The fact that sensory detection thresholds change in a task-dependent manner suggests that this may be a speech/vocalization-specific phenomenon. Future work will be required to further elucidate these mechanosensory auditory interactions. In the present study, women and men each exhibited elevated thresholds during the voice task. However, although women and men demonstrated similar thresholds during the baseline tidal breathing task, women had lower thresholds (greater sensitivity) than men during the voice condition, and thus less change in threshold. This finding parallels evidence of increased sensitivity to pain, touch, temperature, dyspnea, differences in functional connectivity and cortical/subcortical sensory representation, and increased sensitivity to citric acid-induced cough in women than men (Dicpinigaitis and Rauf 1998; Ide and Aboitiz 2001; Fillingim and Ness 2000; Gui et al. 2010; Harju 2002; Kelsall et al. 2009; Linnman et al. 2012; Matos et al. 2011; Bajaj et al. 2001; Chesterton et al. 2003; Dicpinigaitis et al. 2001; Nishino 2011 ). Women also demonstrate less sensory gating in response to auditory stimuli and less modulation of pain detection thresholds during dyspnea (Hetrick et al. 1996; Nishino et al. 2008; Patterson et al. 2008; Tomasi et al. 2008) . Our finding of greater voice-related sensitivity in women is particularly interesting given the higher prevalence of reported voice disturbances in women including those related to occupational voice use and laryngeal dystonia (Hunter et al. 2011; Smith et al. 1998; Titze 1989; Roy et al. 2005 ). Thus, women may be more aware of and sensitive to sensory phenomenon associated with potential voice disturbances. Of course, it may be possible that the greater sensitivity in women is simply a function of anatomical size. A smaller female larynx with smaller arytenoids may possess a higher density of mechanoreceptors. These differences require further investigation. Although this remains unexplored in the larynx, recent evidence suggests that this may be true for the cutaneous surface of the finger (Peters et al. 2009 ). However, in the present study, differences between women and men were only specific to the voice task. Therefore, women may rely more heavily on mechanosensory than auditory afference for voice control, and thus maintain more sensitivity to mechanosensory stimuli during vocalization (Chen et al. 2010; Larson et al. 2008) . Women may be more aware of and sensitive to mechanosensory stimuli during vocalization and the sensory phenomena associated with potential voice disturbances. Differences in laryngeal mechanosensation between women and men require further exploration.
Although the present results are compelling, there are limitations in the study and important issues to address in future work. We demonstrated the ability of the laryngeal sensorium to modulate detection of mechanosensory input during a voice task with a relatively modest set of healthy participants. However, it is important to expand upon this work in future studies and to further elucidate the comparison between women with men with an analysis of selfperceived voice and airway function. It remains unknown whether mechanosensory modulation occurs with other nonvoice laryngeal tasks and whether such modulation is altered in individuals who experience voice disturbances. Therefore, future work is required with individuals who experience voice disturbances to test for an association between laryngeal sensory and voice-related motor function. The present study provides an important basis for such work.
In conclusion, our results are consistent with the presence of mechanosensory modulation in other motor systems and with observed sensory differences between women and men. Such modulation has important implications for understanding the underlying neural mechanisms of laryngeal control and how these mechanisms may operate in individuals with laryngeal disturbances. In the present work, we demonstrated that the healthy human larynx exhibits voice-related elevation of mechanosensory detection thresholds and that women may maintain a greater sensitivity (lower thresholds) than men. We would suggest that voice-related modulation may be important to maintain fluent voice production and that such modulation has important implications for laryngeal control.
